In this paper preliminary results of the numerical assessment of PAT erosion, caused by the impingement of solid particles in the water flow, are provided and discussed. A CFD model was developed by the Università degli Studi di Napoli Federico II to investigate the fluid dynamics of a PAT and coupled with the in-house E-CODE developed by the Politecnico di Milano for wear estimation. The erosion simulations were performed to assess the wear of PAT components, namely inlet, impeller, volute and outlet pipe, for abrasive particles with different size, aiming at estimating the relation between the fluid dynamics of the slurry flow and the development of the erosion process.
Introduction
The use of Pumps As Turbines (PATs) in hydraulic systems allows to couple the pressure regulation with the hydropower generation. PATs are pumps running in reverse mode by using the motor as an electrical generator. Their application is effective in both water supply systems [1] [2] [3] and wastewater treatment plants [4, 5] .
Advantages related to the use of PATs derive from the large availability of pumps in the market, together with low investment and maintenance costs, with both ease of installation and short payback periods [6, 7] .
On the other hand, one of the main limitations in the use of PATs arises from the little knowledge about their performance and their internal behavior in both steady and transient conditions, because the characteristic curves are rarely provided by manufactures. Several literature studies proposed various methods to overcome such limitation, relying on either experimental testing [8] [9] [10] or numerical simulations [11] [12] [13] .
Several models were developed based on the Computational Fluid Dynamics (CFD) technique, which couples the Reynolds Averaged-Navier Stokes (RANS) equations with turbulence models. Avoiding the significant time-demand and the expensive costs related to the experimental researches, CFD models allow both the performance prediction [11] [12] [13] and the flow field calculation, allowing the investigation of secondary flows, internal head losses, generated force and torque and cavitation [14] . Furthermore, the optimization of the performance of the machine is also possible by simulating different geometrical configurations [15, 16] . Nevertheless, the use of CFD definitely requires proper calibration and validation procedures through experimental data [17] .
In the field of the study of the internal behavior of a PAT, the assessment of the mechanical wear caused by the impingement of solid particles is an interesting yet unresolved issue. In the literature, several CFD applications were devoted to the erosion assessment in pumps. Among them, Wang et al. [18] applied the CFX4 finite volume algorithm to numerically estimate the erosion in a centrifugal pump due to slurry jet flows. Kruger et al. [19] simulated the quartz sand impingement in a centrifugal pump, observing significant erosion areas along the blade and the impeller trailing edge, depending on the particle impingement angle and solid concentration. Lopez et al. [20] investigated how the erosion predictions in a pump were affected by numerical settings and parameters of the CFD-based wear estimation model. All the considered model formulations yielded the same locations of the maximum wear areas, placed around the blades, but different predictions in terms of amount of removed material. Pagalthivarthi et al. [21] numerically analyzed the erosion wear in centrifugal slurry pumps, observing the increase of the wear rate at reducing the casing width. The authors performed a sensitivity analysis to evaluate the dependency of erosion from geometric parameters, namely the tongue curvature, the slope of the discharge pipe and the casing width, also observing that the pump rotational speed strongly affects the erosion intensity.
Nevertheless, up to the authors' knowledge, no numerical application is available to assess the mechanical wear in PATs, occurring when solid particles impinge on their internal surfaces, for instance when the device is used in wastewater treatment plants. In this study, a CFD model implemented by the Università di Napoli Federico II, used to simulate the performances of a single-stage horizontal axis centrifugal PAT, was coupled with the in-house numerical E-CODE, developed by the Politecnico di Milano, to estimate the wear process and locate the erosion hotspots. To this aim, several simulations have been carried on, in order to investigate the consistency of the numerical predictions with respect to the number of grid cells and number of injected particles.
Materials and Methods

CFD Modelling of a Centrifugal Single-Stage PAT
A CFD model, developed by the Università degli Studi di Napoli Federico II [22] , was applied to assess the fluid dynamic field. The model was implemented by using the ANSYS ® framework, from a 3D scanning procedure of an experimentally tested PAT with a 6 blade impeller of D = 0.189 m diameter. Two connection pipes at inlet and outlet were also integrated to properly set the boundary conditions. A structured hexahedral mesh was generated with the ANSYS ® ICEM CFD ™ tool for connection pipes, whereas, due to their complex configuration, an unstructured tetrahedral mesh was applied for the impeller and volute components ( Figure 1 ). Specific refinements were also introduced around both the volute tongue region and the impeller blades, aimed at increasing the mesh regularity and interface between impeller and volute. Three meshes with increasing resolution were generated, in order to assess the dependence of the numerical solution on the grid. In the following Table 1 , the number of elements of each PAT zone is summarized for the three meshes. The ANSYS ® Fluent™ code [23] was employed for fluid dynamics simulations, setting the standard k-ε turbulence model, with scalable wall functions for the near-wall treatment. Second-order upwind spatial discretization was also applied to all solved variables, and low relaxation factors were used to limit instabilities during the convergence procedure. Three planar interfaces were introduced to simulate the interaction between inlet pipe-volute, volute-impeller and impeller-outlet pipe, respectively. As boundary conditions at inlet and outlet, a uniform velocity distribution and a static pressure value were set, respectively. The model validation was done, by applying a two-steps computational procedure, to simulate:
 Steady-state conditions, by applying the Moving Reference Frame (MRF) approach, able to simulate the volute-impeller interaction through a frozen-rotor interface, as a function of a fixed angular deviation of the impeller;  Unsteady-state conditions, applied once the convergence of the steady-state mode was achieved. The velocity and pressure fields from the steady-state mode were applied to initialize the simulations, by reproducing the relative motion between impeller and volute through the Sliding Mesh (MS) technique. The time step duration was evaluated so that a complete impeller revolution was performed in 150 time-steps and not less than 5 complete impeller revolutions were simulated, useful to achieve the periodicity of flow parameters.
Calibration of the CFD model was performed, as a function of the head drop generated by the PAT, estimated as difference between the pressure at inlet and outlet, whereas the overall generated power Pt was assessed as a function of the torque on the impeller, estimated from the integration of the pressure and shear stress distributions on the blades. The PAT characteristic curves for different rotational speeds N were thus derived, in the range N = 600-2900 rpm and comparison with experimental results from [10] was performed for validation.
Impact Erosion Modelling
The procedure for estimating the erosion of the PAT was developed starting from the two-stage strategy usually employed in CFD-based wear prediction studies. First, the slurry flow was simulated by an Eulerian-Lagrangian model [24] , in which the fluid flow is represented in an Eulerian, cell based framework, whilst the solid phase is modeled by following a certain number of particle trajectories. Afterwards, an erosion model was employed to estimate the loss of material produced by each particle-wall impingement from the impact velocity, the impact angle, and other parameters involved in the wear process [25] . The low solid content considered in this work (i.e., 1‰ by volume) enabled the hypothesis of one-way coupling regime, which is the assumption that the liquid flow is not affected by the particles [26] . Therefore, the Lagrangian tracking calculations were performed after the single-phase simulation by solving the following equation of motion for each particle:
where t is the Lagrangian time, vp is the instantaneous velocity vector of the particle, mp is the particle mass, and Fd, Fvm, and Fp are the drag, virtual mass, and pressure gradient forces acting on a particle, respectively. The last three terms were calculated as detailed in the Fluent User's Guide [23] , assuming spherical particles and employing the default settings. The discrete random walk model was also activated to account for particle turbulent dispersion. Other forces, such as gravity, lift, and history force, were neglected because previous studies [27] and theoretical considerations [26] suggested their minor importance for the flows addressed in this study. In order to achieve simulation results within acceptable time limits, the Lagrangian tracking was solved as steady state and each particle is attributed a fixed mass flux. The fluid flow field used to solve Equation (1) was that of the single-phase MRF simulation previously illustrated, involving an outer fixed zone, and an inner zone moving with the impeller. Since the velocity vectors referred to different coordinate systems, the computed paths did not correspond to the actual trajectories of the particles. Nevertheless, this approach appeared a reasonable way to estimate the particles' fluid dynamic characteristics at the impact stage, which are required as input in erosion calculation.
The wear predictions were performed using the in-house E-CODE developed within the research group of Politecnico di Milano. The solution strategy of the E-CODE was well described in [27] , and it relies on the application of an erosion model to each particle-wall collision and a topological triangulation of the different components of the simulated geometry. In this work, the Oka et al. [28, 29] erosion model was employed, with all constants other than density and Vickers hardness set as in [27] .
Assessment of Impact Erosion of PAT through the E-CODE
The E-CODE was applied to assess the impact erosion at the Best Efficiency Point (BEP) condition, which was experimentally observed at N = 1500 rpm rotational speed and Q = 30 L/s flow rate. Several cases were studied by varying the mesh resolutions, the number of tracked particles and the particle sizes with a total of 11 different scenarios.
Cast iron material of PAT was considered, with a ductile behavior (density 7150 kg/m 3 , Vickers Hardness 1.78 GPa), whereas the impinging particles were assumed of density 2650 kg/m 3 , spherical shape, and diameter of 0.1 mm.
Only steady state conditions (MRF approach introduced in Par. 2.1) were used for the simulations.
For each scenario and each PAT component, the following parameters were estimated:  the Integral Erosion Ratio (IER), intended as the ratio between the wear mass flow rate and the inlet solid mass flow;  the frequency distributions of impact velocities and impact angles;  the Penetration Rate (PR) distributions, useful to assess the local erosion velocity.
Results and Discussion
At first, it was necessary to assess the numerical consistency of the wear estimates with respect to the number of tracked particles. In fact, each computational particle did not represent a physical particle but a group of particles corresponding to a certain solid mass flux, thereby making it necessary to ensure that a statistically representative set of particle impingements was obtained. This was achieved by increasing the number of particles until the wear estimates reached a plateau.
The finest mesh (2.5 M) was considered with a number of impinging particles ranging between 1000 and 25,000. The results, summarized in the following Table 2 , showed a weak dependence of the IER on the total number of particles and the results change very slightly when the total number of particles is higher than 10,000. The intensity of the wear was higher for the outlet pipe and the volute, while decreases for the impeller and is the lowest for the inlet pipe.
Simulations have shown that some particles went on impinging the volute without being able to leave the domain. At present, it is not clear whether this behavior was physical or simply arising from numerical issues, anyway it caused huge calculation time and memory consumption when running the E-CODE. Thus, particles impinging more than 500 times the same PAT component were removed from the erosion calculation to keep the computational burden within acceptable limits. For the impeller component, the frequency distribution of the particle impact velocities, normalized with the number of tracked particles, resulted significantly comparable for the three number of particles (Figure 2a) . The same held for the impact angle (Figure 2b ), further indicating that 10,000 particles allowed consistent wear estimates. It was also observed that most impacts occurred for velocities of about 1.8 m/s, whereas a decreasing trend was determined for lower and higher velocities. Similarly, the frequency distribution of the angle of impact presented a peak at about 82°, with a rapid decrease for lower and higher values. The frequency distribution of the particle impact velocity on the volute presented two relative maxima at about 3 and 7 m/s, with a greater number of impacts for the higher velocity (Figure 2c) . Such values depend on the hydro-mechanical design of the machine and are in accordance with the velocity distribution of the fluid dynamic field of the volute. The distribution of impact angles also presented two relative maxima. Nevertheless, as observed for the impeller, impact angles between 80° and 90° were the most frequent (Figure 2d ). Also in this case, the distribution seemed substantially independent from the number of particles.
By analyzing the distribution of the penetration rate on the PAT, several susceptible zones were identified in the volute, the impeller, and the outlet pipe. The volute inner part, around the impeller shroud, resulted the most eroded area. Lower penetration rates were observed within the impeller, with greater concentration at the blade outlets. This result is important for the evaluation of the decrease of the efficiency of the machine due to the wear, since the geometry of the blades is strongly related to the performance of the machine [13] . Concerning the inlet and outlet pipes, loss of material was observed around the outlet pipe, due to the vorticity of the outlet flux, whereas negligible effects involved the inlet pipe (Figure 3) . Similar simulations have been carried out with the coarse resolution mesh (1.2 M mesh resolution) yielding wear estimates about 20% higher for the volute, and very similar results for the other components. Indeed, such a level of discrepancy is much lower than that inherent in CFD-based erosion prediction methods [27] , nevertheless additional analyses have been planned to attain a more accurate solution. The simulations have not been carried out with the coarsest (0.9 M) mesh. But, since the obtained results were similar for the 2.4 M and the 1.2 M meshes, no significant discrepancies would be expected with the 0.9 M mesh.
Conclusions
Preliminary results of the numerical assessment of impact erosion in a centrifugal PAT were provided. Two mesh resolutions were employed, observing a deviation between the wear estimates of about 20% for one component. For both meshes, tracking 10,000 particles allowed attaining consistent erosion predictions.
The higher erosion was found in the volute and in the outlet pipe, while the erosion rate of the impeller was slightly lower. The evaluation of the erosion of the impeller and the blades is crucial for the evaluation of the decreasing of efficiency of the machine with the wear. The erosion of the inlet pipe could be considered negligible. The frequency distributions of both the velocity and impact angles have been evaluated for the volute and the impeller. In the impeller the largest number of impacts occurred for 1.8 m/s velocity and 82° impact angle. The distributions for the volute, instead, presented two relative maximum, at about 3 and 7 m/s and about 2° and 88° impact angle.
Next steps will be devoted to both increase the mesh resolution and extend the simulations to transient conditions, with the aim of assessing the wear formation in dynamic operative conditions of the PAT. Simulations at different flow rate values and rotational speeds will also allow both extending the achieved results to wide operative ranges and assessing the erosion dependancy from the flowing rate and the mechanical properties of the PAT.
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